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Abstract 
A numerical model to simulate the growth of kamacite in iron meteorites 
was developed using the Murray-Landis variable grid spacing approximation and 
.. 
the Crank-Nicolson method. The three main objectives of this study were to 
use the most recent phase diagram and diffusion coefficients, to study the effect 
' 
of impingement on the determination of metallographic cooling rates and to 
compare the three available techniq\les for the determination of metallographic 
cooling rates, namely the Wood method, the gradient matching method and the 
kamacite bandwidth method. The meteorites used in the study were Toluca 
(group IA, 8.14% Ni, 0.16% P), Tazewell (group IIID, 16.9% Ni, 0.3% P) and 
Bristol (group IV A, 8.0% Ni, 0.05% P). 
The phase diagram and diffusion coefficients were formulated into suitable 
expressions and used in the model. It was seen that impingement effects had a 
significant influence on the value of cooling rates determined. It was also seen 
that for any meteorite the Wood method gave the slowest cooling rate and the 
• 
bandwidth method gave the fastest cooling rate. For Tazewell and Toluca, 
based on the cooling rates obtained by the three techniques, it was concluded 
that the Wood method gives a more reasonable value compared to the 
bandwidth method. For Bristol, however, a range of cooling rates rather than a 
unique cooling rate was predicted. The estimated cooling rates for Tazewell and 
Toluca were "'IO° C/Myr and "'25 ° C/Myr respectively. The cooling rate was 
estimated to be in the range 150 - 300 ° C/Myr. The cooling rates obtained in 
this study are lower by a factor of 50 - 100 than that of Narayan and 
Goldstein and greater by a factor of 5 compared to the older cooling rates 
(Wood, Goldstein-Short etc.). 
1 
Chapter 1 
Introduction 
1.1 Iron Meteorites 
Meteorites have held an important place in the field of physical metallurgy 
and space sciences since the early nineteenth century following the discovery of 
the Widmanstatten structure in iron meteorites by von Widmanstatten. The 
structure and composition of the meteorites can be directly related to the 
thermal and mechanical conditioning that they were subjected to and hence 
meteorites can be used as a probe to determine the size and history of their 
Iron meteorites are basically iron-nickel alloys with small 
parent bodies. 
quantities of phosphorus ( up to 2 wt pct) and traces of germanium, cobalt, 
In addition to the above some meteorites are known to contain 
gallium1 . 
carbon and sulphur, evident from the carbide and sulphide inclusions seen on 
cut sections of meteorites. The formation of the Widmanstatten pattern can be 
explained with the help of a Iron-nickel phase diagram shown in Figure 1.1
2
. 
Consider a meteorite of bulk Ni composition C0• As the meteorite is cooled from 
high temperatures it enters the austenite ( 1) field, which is face centered cubic 
in nature. On further cooling it enters the two phase ( a + 1) field and plates 
of a start precipitating in a 1 matrix. It can be crystallographically proved 
that minimum rearrangement of atoms is required if the (110) planes of a is 
parallel to the ( 111) planes of 1 · Since there are four sets of parallel ( 111) 
planes in a face centered cubic crystal we obtain octahedral plates of a, and 
hence the name octahedrites. These plates of a are referred to as ka.macite and 
the matrix 1 as taenite. 
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If a microprobe trace is taken across a taenite region a typical M-shaped 
profile is obtained (Figure 1.2). From this it can be deduced that the growth 
of kamacite is controlled by the bulk diffusion of Ni in taenite during the 
cooling process. Combining this fact with the phase diagram the following can 
be inf erred : 
1. The concentration gradient of Ni in taenite is always steeper than 
that in kamacite because the slope of the , / ( o+,) boundary is much 
greater than that of the o / ( o +,) boundary. 
2. For a given cooling rate, a meteorite with a lower bulk Ni 
composition will have a coarser Widmanstatten structure than a 
meteorite with higher bulk Ni composition. This is because the 
kamacite in a low Ni meteorite will nucleate at a higher temperature 
compared to a high Ni meteorite. Since the growth process is 
diffusion controlled and higher temperatures imply larger diffusion 
coefficients, one can expect coarser plates. 
3. For a meteorite of given bulk Ni composition a slow cooling rate will 
give rise to a coarser Widmanstatten structure and a faster cooling 
rate will result in a finer Widmanstatten structure. This again 
follows from the fact that a slower cooling rate implies a greater 
dwelling time at higher temperatures and hence larger diffusion rates. 
Thus it is seen that kamacite bandwidth and the Ni composition profile in 
the taenite can be used as a means to determine the cooling rate of meteorites. 
It can also be noted that the accuracy of the phase diagram and the diffusion 
5 
-
'. 
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coefficients play an important role in the determination of cooling rates. 
1.2 Methods to determine cooling rates 
Over the years, several investigators have come up with various methods 
to determine the cooling rates of meteorites using the kamacite bandwidth, the 
Ni concentration gradient in taenite, a combination of the central taenite Ni 
content and the taenite half-width, and by measuring the Pu fission track 
densities in certain minerals associated with the meteorites. These methods are 
discussed in brief below. 
1.2.1 Kamacite bandwidth method : 
This method was developed by Goldstein and Short5 and directly relates 
the kamacite bandwidth with the cooling rate. It assumes infinite diffusion 
distance between adjacent kamacite plates, which means there is no impingement 
of neighboring diffusion fields. The growth of kamacite is estimated for a series 
of cooling rates by solving the second order diffusion equation till the exact 
bandwidth is obtained. The cooling rate which gives the exact bandwidth, 
without any impingement at the center of the taenite is established as the 
cooling rate of the meteorite. This method totally neglects any impingement 
effects and usually overestimates the cooling rate. However, this approach 
should be directly applicable to determine the cooling rate of very fine'-' ~,1 
~ -
octahedrites and ataxites which exhibit negligible or no impingement. 
6 
t' 
1.2.2 Profile matching method : 
Goldstein and Ogilvie6 estimated the cooling rates of rneteorites by 
matching calculated Ni composition profiles in taenite with experimentally 
measured profiles. The Ni composition profiles in meteorites can be measured 
experimentally using an electron microprobe or an analytical electron microscope. 
Again, using numerical methods the Ni composition profile in taenite for various 
cooling rates can be computed. By matching the computed profile with the 
measured profile one can arrive at a cooling rate for a given meteorite. This is 
a fairly accurate method to determine cooling rates, since it would include the 
effects of impingement. However, there is an uncertainty in the width of the 
taenite fields. Taenite fields can be large or small depending on the spacing of 
kamacite nucleation sites. This method will be particularly effective for coarse 
octahedrites, where taenite fields are very small and the profile does not differ 
very much from one field to another. The disadvantage of this method is that 
it can bd- rather tedious to match the profiles. 
1.2.3 Taenite halfwidth-central Ni content method : 
This method is also referred to as the Wood method 7. In this procedure 
the halfwidth of taenite is plotted against the Ni content at the center of the 
taenite. The basis for this method is the close relationship that exists between 
the halfwidth-central Ni content and the shape of the M-profiles. Halfwidth-
central Ni content values for different cooling rates are computed numerically 
and plotted, resulting in straight lines. Experimental values of halfwidth and 
measured central Ni content can be determined for a particular meteorite. If 
these experimentally determined values are plotted on the same graph as the 
computed values, they will fall along one of the computed lines. The cooling 
7 
\ 
·~-· 
,,. 
rate of the meteorite can now be estimated. There are two chief advantages in 
using this method. Firstly it uses data from a number of structures thereby 
lessening the chances of being misled by geometric oddities. Secondly the 
consideration of effective initial dimension of the impingement distance is 
eliminated. Figure 1.3 shows the effect of varying parameters like bulk Ni 
content, cooling rate and undercooling on a plot of Ni content vs. halfwidth. It 
can be seen that the upper portion of the plot is hardly affected by 
undercooling effects, which is another advantage in using this approach. 
1.2.4 Pu fission track density method : 
It was demonstrated in the early sixties that the fission fragments leave 
behind narrow, continuous trails of damage when they travel through micaceous 
minerals8• These trails or fission tracks can be easily revealed by selective 
chemical etching. The primary interest of fission tracks is in mineral dating. 
Recently this approach was adopted by Pellas9 for determination of cooling rates 
of meteorites. The basic principle of the method is as follows : 244 Pu, with a 
half life of approximately 82 Ma leaves fission tracks records in uranium rich 
and plutonium rich phosphates ( whitlockite and apatite) and adjacent mineral 
track detectors ( olivines, pyroxenes and feldspar). In a cooling environment the 
244 Pu fission track density in the detectors is a function of the 244 Pu decay and 
precisely defines the time lags between onset of track retention in the respective 
minerals. Since the fission track retention temperatures for the minerals are 
known, the time elapsed in the temperature range of interest can be determined 
by measuring the fission track densities . Thus one is able to estimate the 
• 
cooling rate of a meteorite. There are however experimental difficulties in using 
this method. Dislocation etch pits can often be confused with the track 
8 
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9 
densities thereby leading to erroneous results. Also the exact track retention 
te~peratures for the minerals used in this process is not easily determined. 
Furthermore the presence of large phosphates and other minerals which retain 
the tracks is a must. Hence this approach may not be very accurate in the 
determination of cooling rates of iron meteorites which do not show abundance 
of phosphates. 
chondrites. 
However, this approach may be adopted in the case of 
1.3 Numerical Models 
1.3.1 Models based on binary phase diagram and diffusion coefficients 
In the preceding paragraphs which discussed the various approaches to 
determine cooling rates, it was seen that one has to match the kamacite 
bandwidth or t-he Ni composition profile or both to get an estimation of the 
cooling r·ate. However, meteorites have known to be cooled extremely slowly 
( order of ° C per million years) and it is impossible to achieve these rates 
experimentally in a laboratory. This difficulty is overcome by computer 
simulations of the cooling process, which involves the solution of the mass 
transport equations. With the advent of high speed digital computers several 
models have been developed in an attempt to determine the cooling rates of 
meteorites. Some of the early models, assl1mptions, their approach and results 
are discussed here. 
Wood 7 obtained cooling rates of several iron meteorites using the central 
Ni-taenite halfwidth relationship. The forward finite difference approximation of 
Fick's second law was used. Infinite diffusion of Ni in kamacite was assumed 
at all temperatures and the model was based on the Fe-Ni binary phase 
• 
_J 
10 
. 
., 
•.. 
diagram. The number of grid points in taenite was increased with decreasing 
temperature and the Ni concentration during this change in number of grid 
points was obtained by linear interpo]ation. An undercooling of 100 ° C was 
assumed in all cases and the resulting cooling rates were between I and 10 ° C 
. per million years. This was in good agreement with the cooling rates 
determined earlier. One of the problems with this model is that it considers 
very few grid points in taenite in the initial stages of growth. More than 75 
percent of the entire kamacite growth occurs in the first 100 degrees of cooling 
after nucleation, and hence the position of the kamacite-taenite interface cannot 
be determined accurately with the few grid points that are considered. Also the 
assumption of infinite diffusion of Ni in kamacite is incorrect as there is 
evidence of a Ni concentration gradient in kamacite (Agrell effect). The Fe-Ni 
binary phase diagram of Owen et al 10 and the binary "/ diffusion coefficients of 
Goldstein et al 11 was used in this model. 
Goldstein and Ogilvie6 also developed a model along similar lines. The 
gradient matching technique was used in this case and resulting cooling rates 
were of the order of 1-100 ° C per million years. Undercooling of 100 degrees 
centigrade was assumed in most cases. Again Ni diffusion in kamacite was 
assumed to be infinite. As in the case of Wood's model the binary Fe-Ni phase 
diagram of Owen et al 10 and the diffusion coefficients of Goldstein et were used. 
A moving coordinate system was used in determining the growth of kamacite. 
In this system the position of the kamacite-taenite interface is fixed. By 
calculating the increase in area under the Ni composition profile, the growth is 
estimated. This quantity is added to the kamacite end of the coordinate system 
and subtracted from the taenite end of the coordinate system, such that the 
I . 
11 
total area under the profile and the impingement length is maintained constant. 
The profile matching technique works best for slow cooled meteorites since they 
tend to have flat profiles. 
In an attempt to use some new data, Goldstein and Short5 constructed a 
growth model. This model can be considered as a revision of the Goldstein-
Ogilvie model. The newly determined Fe-Ni phase diagram of Goldstein and 
Ogilvie was used. A mathematical • expression for the diffusion of Ni in 
kamacite was determined by Borg and Lai 12. The model used this expression in 
its calculations, but the end results were not very different from the earlier 
models which assumed infinite diffusion of Ni in kamacite. A fixed coordinate 
system with a moving kamacite-taenite interface was used. The gradient 
matching technique was employed for determination of cooling rates and cooling 
rates of 1-50 ° C per million year was obtained for the meteorites studied. 
Using the same model and assuming values for undercooling and impingement 
Goldstein and Short 13 also developed a method by which cooling rates could be 
determined by measuring the kamacite bandwidth and bulk Ni of the meteorite. 
Another rapid method to determine cooling rates of meteorites was by relating 
the interface Ni content in taenite at the kamacite-taenite interface to the 
cooling rate. Using the numerical model, interface Ni contents for different 
cooling rates were obtained. On plotting Ni composition against cooling rate in 
a semi-logarithmic scale, a linear relationship between the two variables was 
' observed. An empirical equation can then be formulated to give cooling rates if 
the interface Ni contents can be determined. These two methods are applicable 
to a wide range of meteorites and gave cooling rates to within 50 percent of 
the value obtained by a more precise method. 
12 
The three models discussed above employed · forward difference 
approximation of the differential equations. This technique is conditionally 
stable and hence smaller time increments are required thereby increasing 
computation time. Further, the approximation for the time derivative is only 
first order correct. 
Tanzilli and Heckel 14 proposed a numerical solution to solve finite, 
diffusion controlled, two phase moving interface problems. The Murray-Landis15 
variable grid spacing transformation was used to modify Fick 's second law, 
which simplifies the problem considerably. Forward finite difference 
approximation was used in this case and the solution obtained can be applied to 
any two phase growth problem. The interface movement was estimated by an 
interface mass balance technique. This method for interface position 
determination works satisfactorily only in the case of concentration independent 
diffusion coefficients. 
The first successful attempt to develop the Widmanstatten structure in Fe-
Ni alloys was reported by Doan and Goldstein 16 . They found that P had a 
very pronounced effect on the formation of the Widmanstatten structure. While 
studying the effect of P on the formation of the Widmanstatten structure17 they 
found that the reaction could go in one of two different paths depending on the 
bulk P content of the alloy. 
1. 1 --> a + , ; when the P content of the alloy is low 
2. , --> , + phosphide --> o + , + phosphide; when the P content of 
the alJoy was high. 
They concluded that the presence of P in Fe-Ni alloys aided in the 
13 
kinetics of precipitation of the Widmanstatten structure with lower 
undercoolings. They also concluded that since the amount of P in the alloy ( or 
meteorite) had such an important bearing on the nucleation temperatures and 
hence the interface Ni contents, the models based on Fe-Ni biPary phase 
diagrams can no longer be used in understanding the growth of the 
Widmanstatten pattern. Thus a ternary Fe-Ni-P phase diagram has to be used 
in models to determine the cooling rates of meteorites. Doan and Goldstein 18 
also conducted studies on Fe-Ni-P alloys and determined the ternary phase 
diagram in the range ( 1100-550 ° C). But to use the ternary phase diagram in 
the model, the effect of P on the growth kinetics has to be known. Since the 
growth process is controlled by the bulk diffusion of Ni, the effect of P on the 
diffusion behavior of Ni in kamacite and taenite has to be determined as a 
function of temperature and P content. Heyward and Goldstein 19 studied 
ternary diffusion in kamacite and taenite in the temperature range 1200-900 ° 
C. It was observed that addition of small amounts of P increased the diffusivity 
of Ni by a factor of I 0. They also showed that the bulk diffusion of P in 
either phase did not contribute to the growth of kamacite. 
1.3.2 Models based on ternary phase diagram and diffusion coefficients 
Once the importance of P on the growth kinetics was realized, 
investigators started basing their models on ternary phase diagrams and 
diffusion coefficients. Randich and Goldstein 20 constructed a model to simulate 
the growth of phosphides in th~ Fe-Ni-P system. This model used the ternary 
Fe-Ni-P phase diagram of Doan and Goldstein 18 and the ternary diffusion 
coefficients of Heyward and Goldstein19. The Murray-Landis variable grid 
spacing transformation was used to reduce the diffusion equations. The Crank-
14 
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Nicolson scheme of finite differences was used, this being a considerable 
improvement over the forward finite differences method. Randich and 
Goldstein 21 also studied the effect of impingement and variations in interface 
compositions during growth. Their results show that the effect of impingement 
is to decrease the growth of the phase. The effect of grid size on the accuracy 
of results was also tested and it was found that smaller grid size gave better 
results. The Crank-Nicolson method, though accurate involves numerous 
intermediate computational steps and requires a great deal of computer time. 
This also restricts the smallest grid spacing that can be used. 
Iron meteorites contain varying amounts of P,. sufficient enough to enhance 
the diffusivities of Ni in either phase, kamacite or taenite. In an attempt to 
revise the cooling rates determined using binary phase diagrams and binary 
diffusion coefficients, Moren and Goldstein 22 developed a model along the lines 
of Randi ch and Goldstein 20 • This model used the ternary phase diagram of 
Doan and Goldstein 18 and included the effects of P on the diffusivity of Ni. 
T~1e ternary diffusion coefficient of Ni in taenite was expressed as follows: 
( 1.1) 
The terms f( CNJ and f( 1 /T) were those of Goldstein et al 11 • The term 
f(Cp) was evaluated from the ternary diffusion data of Heyward and 
Goldstein 19 . The final expression used for D (,) was 
D(,) ( 1 +9.3*Cp) *exp( l .15+0.0519*CNi) *exp(-76177 /RT) 
( 1.2) 
where CP is the weight percent phosphorus in taenite and CNi is the atom 
percent Ni in taenite. For kamacite, the binary diffusion coefficient expression 
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of Borg and Lai12 was used along with the correction factor, which included the 
effect of P. The expression used for D( a) was 
D( a) == (1 + l .2665Cp+0.6231CP 2)*(10.5exp-(64300/RT)) 
( 1.3) 
where CP is the P content of kamacite in weight percent. The Crank-
Nicolson finite difference technique was used in conjunction with the Murray-
Landis variable grid spacing method. With this model, cooling rates for the 
group IV-A iron meteorites were determined using the Wood method. Varying 
amounts of undercooling ( 120-200 ° C) were assumed and cooling rates between 
1-100 ° C per million years were obtained for the IV-A group of meteorites. 
The cooling rates were compared with those determined in an earlier study by 
Moren and Goldstein 23 using a pseudo-binary phase diagram. The results were 
in good agreement, which implies that a pseudo-binary phase diagram can be 
used in the simulation. The cooling rates also agreed well with the values of 
Short and Goldstein 5, who had used a bandwidth method to determine cooling 
rates. 
Realizing the importance of the presence of phosphorus and using ternary 
phase diagrams and diffusion coefficients, Wij-5 and W asson 24 determined the 
cooling rate variations in group IV-A iron meteorites. The exact modelling 
technique used was not discussed, but the Wood method was used to determine 
the cooling rates. A pseudo-binary (P saturated Fe-Ni) phase diagram was 
used. The effect of P on the , / (,+a) phase boundary was neglected. It was 
reasoned that the P content in taenite was about ten times lower than that in 
kamacite. The effect of P content on the , /(a+,) boundary is significant only 
below 500 ° C and at these temperatures the diffusion of Ni in taenite is so 
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slow that neither the halfwidth nor the Ni interface composition is affected. 
The binary diffusion coefficients of Goldstein et al 11 were used for Ni diffusion 
in taenite. For Ni diffusion in kamacite they preferred the data of Hirano et 
al 25 to that of Borg and Lai 12 , because the Hirano et al data yielded a better 
match between the experimental taenite halfwidth-central Ni concentration 
curves. The effect of P on the diffusivity was expressed as a multiplication 
factor of 1.88 and was assumed to be independent of temperature. The cooling 
rates obtained were lower than that of Goldstein and Short by a factor of 
three. 
All the ternary models discussed above used a phase diagram established 
up to 500 ° C. In 1979 Romig and Goldstein 26 determined the Fe-Ni and Fe-
Ni-P phase diagrams in the temperature range 700-300 ° C. It was observed 
that the a/{a+,) phase boundary exhibits a retrograde solubility (at 
approximately 450 ° C for the Fe-Ni (P saturated) diagram). It was also seen 
that the tendency of P is to shrink the size of the ( o+,) field. 
Rasmussen 27 first used the ternary phase diagram determined by Rorr1ig to 
estimat~ the cooling rate of the group IV A iron meteorites using local bulk Ni 
and P variations. This method is discussed in detail by Rasmussen 28 . The 
Wood method was adopted in this case and cooling rates in the order of 1-100 
° C per million years were obtained. 
Narayan and Goldstein 29 ,30 studied the nucleation and growth of 
intragranular ferrite in Fe-Ni-P alloys and its implications on the formation of 
kamacite in iron meteorites. Binary and ternary alloys were subjected to 
isothermal and non-isothermal heat treatments to study the morphology of the 
precipitates and the precipitation sequence. The resulting Ni composition 
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profiles were experimentally measured using analytical electron • microscopy 
techniques. These were compared with numerically simulated diffusion profiles 
to study the applicability of the model31 . On comparing the binary and ternary 
alloys it was seen that in the absence of P there was no nucleation of 
intergranular or intragranular ferrite. It was suggested that the reaction 
proceeds in a sequence 1 --> , + phosphide --> o + 1 + phosphide, and that 
the phosphide particles acted as nucleation sites for kamacite precipitation. It 
was also seen that the ferrite had a rod morphology rather than a plate like 
morphology. The growth process was modelled using the numerical method of 
lines technique (NMOL ). This technique approximates the partial derivatives by 
truncated Tay ]or series. In addition to the other assumptions made in previous 
models, this model assumed a rod morphology of the kamacite and no 
impingement of Ni diffusion gradients between neighboring kamacite rods. The 
ternary phase diagram of Romig and Goldstein 26 along with that of Doan and 
.,'Goldstein18 was used. The expressions for solubility of P in o and 1 and 
ternary diffusion coefficients were the same as used by Moren and Goldstein23 • 
From the numerically calculated profiles it was seen that the expression 
used for calculating ternary diffusion coefficients by Moren and Goldstein 23 
underestimated the diffusion of Ni in taenite. The diffusivity of Ni in the 
presence of small amounts of P was measured at temperatures below 800 ° 
C. It was observed that the diffusivity was enhanced by a factor of 10. Using 
these measured values a good agreement was obtained between experimentally 
measured profiles and numerically calculated profiles. This model was now used 
to determine cooling rates of meteorites. The kamacite bandwidth approach was 
used and cooling rates of the order of 100-10,000 ° C per million years were 
18 
obtained. These---results show an increase by two orders of magnitude as 
compared to cooling rates reported by previous investigators. The cause for 
such a drastic change in cooling rates can be attributed to the following 
reasons: 
l. Increase in the diffusivity of Ni in taenite by a factor of 10. 
2. The rate of growth of a rod is much faster compared to that of a 
plate and the model had assumed a rod shaped morphology for 
kamacite as opposed to a plate like morphology assumed by .previous 
models. 
3. Neglecting the effect of impingement of diffusing fields between 
neighboring kamacite sites. 
The approach and results of all the previous models are summarized in 
Table I.I. 
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Author 
Wood 
Goldstein 
& Ogilvie 
Goldstein 
& Short 1 
Goldstein 
& Short 
Randich 
& Goldstein 
Moren & 
Goldstein 
Willis & 
Wasson 
Narayan 
& Goldstein2 
Rassmussen 
Technique 
FFD 
FFD 
FFD 
FFD 
C-N 
M-L 
C-N 
M-L 
NMOL 
M-L 
' 
Model 
Ph. diagram 
Binary 
(Owen) 
Binary 
(Owen) 
Binary 
(G & 0) 
Binary 
(G & 0) 
Ternary 
(D & G) 
Ternary 
(D & G) 
Pseudo 
Binary 
Ternary 
(R & G) 
Ternary 
(R & G) 
D values 
1- GHQ 
0- 00 
,- GHQ 
a:- 00 
,- GHQ 
a:- BL 
,- GHQ 
a:- BL 
1- GHO 
o- BL 
1- GHO 
a- BL 
1- GHQ 
a:- Hirano 
1 - GHQ 
a:- BL 
1- GHQ 
a:- BL 
• 
Method 
Wood 
Profile 
matching 
Profile 
matching 
Bandwidth 
Wood 
Wood 
Result 
C/Myr 
1-10 
1-100 
1-60 
1-100 
1-100 
Bandwidth 100-
10000 
Wood 1-100 
Abbreviations used: FFD - Forward finite differences, 
C-N - Crank-Nicolson method, M-L - Murray Landis transformation, 
NMOL- Numerical Method of Lines, G & 0 - Goldstein and Ogilvie, 
D & G - Doan and Goldstein, R & G - Romig and Goldstein, 
GHQ - Goldstein et al, BL- Borg and Lai 
Table 1-1: Comparison of the various numerical models and results. 
1 
calculated CNi in a 
2cylindrical morphology for kamacite 
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1.4 Purpose of this study 
The purpose of this study was threefold. Firstly, to use the most recent 
data available in a model to simulate Widmanstatten precipitate growth and 
determine the cooling rates. Dean and Goldstein32 determined the binary and 
ternary diffusion cdefficients for Ni in o and , at temperatures below 900 ° 
C. Reuter and Goldstein33 evaluated the Fe-Ni and Fe-Ni (P saturated) phase 
diagrams below 400 ° C. This set of data is of more relevance to the formation 
of the Widmanstatten structure in iron meteorites since the nucleation and 
growth occurs at temperatures below 700 ° C. Extrapolation of data from 
higher temperatures, used in previous models, may not be an accurate 
approximation. 
Secondly, to study the effect of impingement on cooling rates. As Randich 
and Goldstein21 pointed out earlier, impingement does have an effect on the 
final precipitate width and therefore indirectly affect cooling rates. The recent 
cooling rate calculations of Narayan and Goldstein, which resulted in cooling 
rates about two orders of magnitude larger than any of the previously 
determined cooling rates neglected impingement in their calculations. 
Thirdly, to compare the results obtained by the three different approaches 
to determine metallographic cooling rates. In previous investigations, though 
different approaches were .. used to determine cooling rates of the same 
meteorites, the input parameters, namely the phase diagram and diffusion 
coefficients were not consistent. Also, the amount of undercooling assumed 
varied with each investigation. 
21 
• 
{ 
Chapter 2 
Background 
( ~ 
2.1 Numerical simulation of Widmanstatten pattern growth 
The formation of Widmanstatten pattern in iron meteorites occurs by a 
process of nucleation and growth. The growth rate is diffusion controlled and 
analytical solutions for various initial and boundary conditions are available in 
literature. However, these analytical solutions can be applied only for 
isothermal cases and do not include the effect of impingement. Another 
drawback with the analytical solutions is that it is applicable only in the case 
of an infinite matrix. Hence, to study the continuous cooling transformation 
and include the effect of impingement in a matrix of finite dimensions, one has 
to resort to numerical methods to solve the time dependent diffusion equation. 
Various numerical models to solve similar problems have also been cited in 
literature. 
In this study a numerical model to simulate the growth of 'the 
Widrnanstatten pattern in the ternary Fe-Ni-P system was developed using the 
Murray-Landis variable grid spacing approach. The model was based on the 
following assumptions 
1. The volume diffusion of Ni in taenite is the only contributing factor 
towards the growth of kamacite. This was established by comparing 
numerically simulated profiles with those measured experimentally34 • 
2. The interface is cylindrical and at any given temperature the 
composition of the two phases at the kamacite/taenite interface is 
22 
\ 
• 
.. 
. _,,, 
"n·~---~ ,·..- ·~ ··.a ,, 'Iii · ··- ~-': ~--,,--, ·,,~p-·11',' \ . ' 
\ 
• 
. -- ) 
given by the equilibrium phase diagram. This follows from the fact 
that Narayan and Goldstein 29 ' 30 found the intragranular ferrite had 
a rod morphology rather than a plate morphology. 
3. There is no P gradient in either phase and no Ni gradient in the 
kamacite till the stability of the precipitate phase, defined as 
(D* ~t/ ~x2), reaches a value below 0.5. 
4. There in no gain or loss of Ni within the system. 
5. There is no undercooling before the precipitation of kamacite. The 
meteorites chosen for study were either saturated in P at the 
nucleation temperatures (which implies phosphides acted as nucleating 
agents), or had inclusions like carbides and sulphides which acted as 
nucleating agents. 
2.1.1 Mathematical formulation of the problem 
As implied earlier, simulating the growth of the Widmanstatten pattern 
involves solving the second order transient diffusion equation using numerical 
methods. This is preceded by the mathematical formulation of the problem, 
which is discussed below. 
Fick's first law for either phase, kamacite or taenite, in the Fe-Ni-P 
system can be expressed as follows 
JN. 
--. I 
oCNi 
DN·N· 
' ' oR 
... 
(2.1) 
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But Heyward and Goldstein 19 observed that the P gradient has no 
contribution to the Ni flux in either kamacite or taenite and hence the equation 
can be reduced to 
oCNi 
DN·N· i i 6R 
--
(2.2) 
The rate of change of Ni concentration with respect to time at any point 
can be described by Fick 's second law 
/JC 
/Jt (2.3) 
Although the diffusion coefficient is a function of concentration, at any 
given grid point D is a constant because the concentration at that grid point at 
any given instant is a constant. Therefore, equation (2.3) can be rewritten as 
1 hCNi 
+ >< DN. R 1 hR (2.4) 
The schematic diagram of the grid set up for the numerical mode] is 
shown in Figure 2.1. The grid consists of (N + 1) points, where points 1 
through R correspond to the kamacite phase and points R through (N + 1) 
correspond to the taenite phase. The first and the last points, 1 and (N +I), 
are fictitious points and used for setting up the boundary conditions. The 
position of the kamacite-taenite interface at any instant is ~- The total 
impingement distance is 'L'. The total composition-time derivative at any point -
i, is given by 
dC hC dR /JC 
df Ii - /JR x df 1, + 6tli (2.5) 
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Figure 2-1: Schematic diagram showing the grid points for the numerical 
model. The dashed line represents the bulk composition of the 
alloy. 
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6C Substituting for Tt from equation (2.4); equation (2.5) can be rewritten as 
1 6CNi 
+ - X DN. 1-R I /JR i 
(2.6) 
For uniform grid spacing, the rate of travel of each point in kamacite, 
(:~), is related to the interface velocity (:;) as follows 
dR/dt 
R Ii -
d~/dt 
l 
(2.7) 
where ! is the position of the kamacite/taenite interface and df is the rate dt 
of interface movement. The corresponding equation for a point in the taenite 
phase is 
dR/dt 
(L-R)li -
d~/dt 
(L-~) 
(2.8) 
Substituting for :~ in equation (2.6), the total compositon-time derivative 
in kamacite and taenite can be expressed as 
dC R. 6C i 
dtli - x -- { 6R 
for kamacite and 
( L-R)i 
(L- ~) X 
for the taenite phase. 
dl 
X 
dt 
/JC 
/JR 
X 
/J2C Ni 1 /JC Ni 
+ DN. + - X DN. 1· 
i 6R2 R i 6R i 
(2.9) 
1 /JC Ni 
+ X DN. ,. R I /JR i 
(2.10) 
The initial and boundary conditions for the problem are the following : 
Initial conditions 
26 
1. C(R,O) Ani for O #<# R #<# { 
2. C(R,O) Bulkni for { #<# R #<# L 
3. C( {- ,O) Ani 
4. C( !+ ,0) == Gni 
where Ani and Gni are the interfacial Ni concentration in kamacite and taenite 
.. 
· · respectively. The interfacial Ni concentrations are obtained from the ternary 
phase diagram and the procedure is discussed later. 
-
2.1.2 Boundary conditions 
I. C ( l-, t) == An i 
.. 
2. C{ f +, t) == G n i 
- -o 6~ 6R O,t -
~~L,t = 0 
These boundary conditions are satisfied in the numerical model by 
assuming two fictitious p~ at either end, i e at R==O and R==L. The 
boundary condition (3) is expressed as C(l,t) == C(2,t) and boundary condition 
(4) as C(N+l,t) == C(N,t), where the first subscript refers to the node number 
in the model. At the kamacite-taenite interface there are two grid points, one 
for either phase. 
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2. 2 Interface position determination 
The position of the interface at any instant was calculated in one of four 
different methods. The first three methods use the concept of total mass 
balance, in which the total mass of Ni within the system is conserved. This is 
achieved by keeping the area under the concentration profile a constant at all 
times. The fourth method is based on the interface mass balance technique, 
which is derived from the fact that the rate of interface movement is directly 
proportional to the difference in the fluxes of Ni in taenite and kamacite. The 
four methods are discussed in brief below. 
2.2.1 Method # 1 
The area under the Ni concentration profile at time 't' is compared to the 
area under the profile at time (t-~t). Since we are considering continuous 
cooling there is an increase in area under the profile, which implies an increase 
in the amount of Ni. This increase in Ni is not possible because it is a closed 
system. The increase in area is compensated by growth of the kamacite such 
that the total mass within the system is conserved. This is the most accurate 
method till the onset of the Agrell effect, because there is no gradient in the 
kamacite and calculation of the growth of kamacite is straight forward. 
2.2.2 Method # 2 
This method used earlier by Goldstein and Short5 compares the change in 
area under the kamacite and taenite regions separately and calculates the total 
increase in the amount of Ni within the system. This increase in Ni is 
balanced by growth of kamacite. This method is effective especially after the 
onset of the Agrell effect. This procedure is shown in Figure 2. 2. 
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<I> 
The Goldstein-Short approach to determine the position of the 
kamacite-taenite interface. 
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Figure 2-3: The Zener method to determine the position of the 
kamacite-taenite interface. A - represents the Ni dep]eted region, 
B- represents the I\i enhanced region. 
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2.2.3 Method # 3 
This method originally developed by Zener35 equates the area of the Ni 
depleted region in the kamacite portion of the profile to the area of the Ni 
enhanced region in the taenite portion of the profile. The difference in area is 
offset by advancing the interface. A schematic set up of this method is shown 
in Figure 2.3. 
2.2.4 Method # 4 
Unlike other methods which use total mass balance, this method uses the 
interface mass balance to determine the position of the interface. The interface 
mass balance equation is expressed as follows: 
d! 
x-
dt (2.11) 
The concentration gradients in the above equation can be expressed as finite 
differences and the rate of interface movement can be determined. Since the 
time step 'dt' is known for each iteration the position of the interface is easily 
determined. This method is applicable only if the concentration gradients are 
shallow and will violate the total mass balance if the conditions are not 
satisfied. 
2.3 Nu1nericsl Approximation 
The Crank-Nicholson implicit method is used to solve the one dimensional 
diffusion equation. This method uses centered finite difference approximations 
/ 
for both time and space derivatives at any point, which is a more accurate 
approximation compared to the forward finite difference approximation. The 
first and second order derivatives are expressed as follows in the centered finite 
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diff ere nee approximation: 
6C Jn+t/2 - 1 
bX X 2 
62C ] n+I/2 - 1 
{Jz2 X 2 
( {JC Jn + ~ Jn+l) 6x x 6x x 
,. 
(2.12) 
(2.13) 
Using the centered finite difference approximation shown in equations 
(2.12) and (2.13), equations (2.9) and (2.10) can be expressed as follows : 
D (c"!'+ 1-2c~+ 1+cn+ h 
+ _!:[ i+l i ,-1' 
2 ~r 2 
a 
for the precipitate and 
D (c~+ 1-2c~+ 1+~+~ 1[ t+l t i-1 + - ---------------
2 ~r 2 
. 1 
(C~ l-2C"!'+C'1 I)] i+ l t-
+ 
~r 2 
a 
+ ( C7 + I - 2 c7+ q _ I ) ] 
~r 2 
1 
dC 
for the matrix: The term - can be expressed as 
dt 
dC cn+I_cn 
- - ----
dt Da.t 
D 
-+ -2} 
r. 
l 
(2.14) 
(2.15) 
(2.16) 
. 
• Since there are (n-2) grid points in kamacite the distance of any grid 
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point r. from the centre of the precipitate is 
I 
Similarly the position of any grid point in taenite is given by 
'--\ 
ri - L - (N-i) !lr1 
(2.17) 
(2.18) 
Substituting for ri in equations 14 and 15, and separating the (n+l) terms 
from the n terms we have 
) 
--
[
-(i-2) d~ C:-1 ~4-(- X -dt - -4r-.(-!l_r_) + 
t 0 
D 
0 + C1!'[-1 __ n a ] 
' ~t (!lr )2 
0 
[
(i-2) d~ Do 
+ C"! x- + + 
i+l 4( dt 4r.(~r ) 
i a 
(2.19) 
for the kamacite and 
+ 1 [ ( N- i) d ( D, D 1 ] nn + 1[ 1 D, ] ~ x-+ +~. -+--
i-1 4(L-{) dt 4rlih) - 2(~r )2 i ~t (~r 
1
)2 
n + t [- ( N- i) d l D, D, ~ ] 
+ ci+l 4(L-() x dt - 4r.(~r ) - 2(~r )2 == 
l 1 1 
[ - ( N- i) d ! D, D 1 ] [ 1 D 1 ] C1!' x-- + +C"!'--
i-1 4(L-{) dt 4r;{~r1) 2(~r)2 i ~t (~r)2 
[ 
(N-i) dl 
+ · C:+1 4(L-!) x dt + (2.20) 
33 
... 
" 
) 
/ 
' 
for the taenite. In the above equations the superscript (n+ 1) refers to the 
L unknown terms at time (t+dt), and the superscript (n) refers to the known 
terms at time (t ). The above equations, for either phase, can be represented in 
a more general form 
Ac~+ll + BC"!+l + C'c~+ll - D. 
i- Z 2+ 
In the precipitate phase 
.. 
B = [-1 + 
flt 
In the matrix phase 
[ 
(N-i) d( 
A = 4(L-() x dt + 
B - [-I + _D1 ] 
- flt (~r )2 
1. 
D 
0 
D 
1 
c, == [- ( N- i) x de _ n 1 
4(L-~) dt 4ri(~r1 ) 
.. 
D ] 
- 2(t..: )2 
1 
34 
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(2.21) 
(2.22) 
\ 
' 
\ ~ 
. ., 
,, 
.. 
D = -AC7_ 1 + [~ - _D_o_] C'! - C 'C'! . (~r )2 i i+l 
"( 
~ (2.23) 
t 
The above terms A,B,C',D can be expressed in the form of a- tridiagonal 
. ' 
matrix and can be solved using the Thomas algorithm36• The matrix is solved 
from grid points 3 to (R-1) in · case of the precipitate and from grid points 
.... 
(R+ 1) to N in case of the matrix. At grid point 2 in the precipitate phase, 
which is the center of the cylinder the concentration of Ni is calculated as 
follows 
~+I= 
2 
4D llt 
0 
2.4 Major Paran1eters in Modelling 
(2.24) 
As pointed out in earlier sections, the phase diagrams and diffusion 
coefficients play an important role in the model. In this section the 
approximation of the a/ ( o+,) and , / ( o+,) phase boundaries of Reuter and 
Goldstein 33 and the formulation of the Dean and Goldstein32 data will be 
discussed. 
2.4.1 Phase diagram 
The Fe-Ni and Fe-Ni (P saturated) systems had been established by 
Romig and Goldstein 26 in the temperature range 700-300 ° C. Figure 2.4 shows 
a typical isotherm for the Fe-Ni-P system. The three letter nomenclature 
system suggested by Moren37 was adopted. The determination of the correct tie 
line from such an isotherm, given the bulk composition of the alloy has been 
·-
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discussed in detail by Narayan34 • 
The Fe-Ni and · Fe-Ni-P diagrams at temperatures below 400 ° C were 
recently determined by Reuter38• The new phase diagrams are shown in Figures 
2.5 and 2.6. Tha data of Romig3 are shown as open circles and that of 
Reuter38 as triangles. It can be seen that the maximum solubility of Ni in 
taenite at 300 ° C is 52 weight percent as oppposed to 55 weight percent 
reported by Romig and Goldstein. In the Fe-Ni (P saturated) system, Romig 
and Goldstein determined the maximum solubility of Ni in taenite at 300 ° C 
to be 46 weight percent. Reuter and Goldstein, however observed that below 
400 ° C, the Fe-Ni (P saturated) system approaches the Fe-Ni system. It was 
also seen that the solubility of Ni in taenite reaches a value of ~O weight 
percent at ,.., 320 ° C and increases to -52.5 weight percent at 200 ° C. In 
addition to the . above Chuang et al39 studied the effect of the magnetic 
contributions to the thermodynamics of the Fe-Ni system below 1200 K and 
proposed a phase diagram. They observed a monotectoid reaction at 662 ° K, ( 
thereby leading to a discontinuity in the , / ( o +,) phase boundary. The 
a/( o+,) phase boundary is the same as that described by Reuter38 . The phase 
diagram of Chuang et al39 is shown ih Figure 2. 7. Combining the three phase 
diagrams discussed above an approximation for the , / ( o+,) phase boundary was 
obtained. Although Chuang et al evaluated the binary Fe-Ni system, their 
values can be used for the ~""'e-Ni (P saturated) diagram at lower temperatures, 
because the Fe-Ni (P sat.) diagram approaches the Fe-Ni diagram at low 
temperatures38. 
Equations for the different phase boundaries ALN, AUN, GLN and GUN 
(refer Figure 2.4) were determined using the by polynomial • regression 
36 
' 
• 
• 
.. 
c,(, + Ph 
p 
(.ANI, APH) 
(Al.N. ALP) 
ex.+¥+ Ph 
d'+ Ph 
' ... 
f 5UL K N. BUU< P) ... ... ... 
... 
... 
, ... 
... 
-- ... 
-- ' 
(GLN. GLPJ 
Ni---
~---.. ' 
--- .... 
-- .... 
---
(PTX, PTY J 
Figure 2-4: A typical ·isotherm in the Fe-Ni-P system with the 
three letter nomenclature system . 
' 
37 
\ 
' 
' 
Fe- Ni 
800 J 
700 
,· 
600 
y 
a Ms 
- 500 (.J 
0 
-
w 
a: 400 :::, I 
' 
t-
<( I 
' er I \ w I -1 
a.. 300 9 ~~ \. 0 t :E -=1 \ 
w I 3 \ 
. I- I 1 \ 
I / :t y' ' 
200 I / ~~ 
I / ~ I / 4 t/ ~+ I 3 
j I I j I 100 , I I =t I 
' 
I 3 I I 
' 
I :J I I I =1 I 
0 
0 10 20 30. 40 50 60 
WT. o/o Ni 
. 
Figure 2-5: The Fe-Ni binary phase diagram. 
38 
\ 
800 
700 
GOG 
u 500 
0 
-
w 
a: 400 
:::> 
t-
<t 
a: 
w 
a. 300 
:E 
w 
t-
200 
100 
a 
I 
I 
I 
\Ms 
• 
\ 
• 
\ 
• \ . 
Fe - Ni - P (sat) 
' 
y 
• 
/ 
• 
I 
q .. \ i-~~ ,.._......~~Ir • \ 
I 
I 
b 
I 
f 
I 
I 
I 
I 
\ ,,,,f' ('<-f j y• l 
/~:<,:)f ~ . ~ ~ 
/ \' r- I :J I 
'7/ \l'. ,· ~+ 
I ~ I 
I . 3 I 
I I :i I / j I 
I • • =1 I 
I =l I 0 w,-.__.__.._ _ _... __ _........__ _ _..._....__........__ ... 
0 10 20 30 40 50 60 
WT. 0/o Ni 
Figure 2-6: Th Fe-Ni [P saturated] phase diagram. 
39 
, 
, 
Figure 2-7: 
1150. 
11 00. 
1050. 
1000. 
950. 
9QQ. 
850. 
800, 
750. 
650. 
600. 
sso. 
: , 1i 0 ) 
FE-NI PHASE ·o I AGRAM 
( WT'l. ·OF NI l . 
20. 
I 
HILLERT, ·MAOA, MAORIOI 
OMEN. LIUCY> 
0 OMEN, LIUlQJ 
Ci( COLOSTEIN,' OGlLVttrr, 
~ OOLOSTEIN,.OGILYIEIQ) 
C RIE lEMP OF BCC FE-NI) ~ ROMIG, COLOSlEINlYJ 
> ROMIG, COLOSTElNIOI 
662-0 
0,063 
618,0 
y 
• OMEN, SUL l YI a I 
4 OWEN, SULLYlYJ · 
ICURIE 
I 
·; 
I 
l 
' • 
• 
\ 
\ 
I 
TEMP OF fCC FE-NII 
- I 
/ "' \ ' . / I \ 
I 
•\ \ 
IO. ~J-
.. . ' 
', . \ 
' ' \ \ ' \ ' 
' 
735 10.476) 
y' 
\ ' \ 
' \ \ \ \ 
\ \ \ . \ \ 
' ' 
' ' ' \ 
a.ass o.,sJ 0,626 ' ' 
' ' El VAN OEEN. VAN OER MOUOEIYI 
C3 VRN DEEN, VAN OER MOUOE IY 1J 
-- THIS STUDY IMITH nAGNETIC EffECTSJ 
I \ 
I I 
I I 
I I 
I I 
I I 
I I 
' 
500
·.o .1 .2 .3 .4 
.. 
\ 
. 
9QQ. 
eoo. 
100. 
600. 
soo. 
400, 
300. 
FE XNl(ATOMIC FRACTION) NI 
• 
• • 
-
-· 
The Fe-Ni phase diagram as predicted by Chuang et aI39• 
Note the discontinuitv at 662 ° K . 
• 
40 
'i r ,- , I ' 
·' 
experimental points. The expression for ALN and GLN are the same as in 
Narayan and Goldstein31 because the a/(o:+,) boundary was unchuanged and 
the ,/(a+1) phase boundary is the same up to 400° C. A new fit for GLN 
below 400 ° C was not required because at temperatures below 400 ° C the 
meteorites are saturated in P and the interfacial Ni values are dictated by A UN 
and GUN values. New equations were obtained for AUN and GUN using the 
phase diagrams shown in Figure 2.6 and 2. 7. The variation of Ni (in weight 
percent) expressed as a function of temperature (in° C) are shown below. 
ALN =A+ Al•T + A2•T2 + A3•T3 + A4*T4 + A6*T6 + A6•T6 + A7•T7 
A - 44.6741 
Al :::a -0.270726 
A2 - -0.50321E-03 
A3 - 0.89713E-06 -
A4 - -0.30943E-07 
A6 - 0.4Q6Q8E-10 
A6 - -0.39301E-13 -
A7 - 0.12372E-16 -
F - 120 .1396 -
Fl - -0.60072 
F2 - 0.261633E-02 -
F3 - -0.56806QE-06 -
F4 - 0.676924E-08 
F5 - -0.213563E-11 -
B - 38.806 -
Bl - -0.47141 -
B2 - 0.22248E-02 -
B3 - -0.46842E-05 -
B4 - 0.42Q19E-08 -
B6 - -0.16025E-11 
For (T > 390): 
GUN= D + Dl•T + D2•T2 + D3•T3 + D4•T4 + D6•T6 + D6•T6 
41 
D - 3238.0 
Dl 
-
-28.946 
D2 
-
0. 10384 
Da - -0.18416E-03 -
D4 - 0.16078E-06 
D6 - -0.66237E-10 
For (T <= 390): 
GUN= 38.391 + 0.16236•T - 0.66767E-03•T2 + 0.64362E-06•T3 
The solubility of P in kamacite and taenite were determined by Doan and 
Goldstein (1200-550 ° C) 18, Romig and Goldstein (700-300 ° C) 26 and Reuter 
and Goldstein ( < 400 ° C)33 • Clarke and Goldstein 40 showed that there is a 
linear relationship between the logarithm of the P solubility and the 
absolute temperature. Thus AUP and GUP can be expressed as follows 
AUP - exp(6.3 
GUP - exp(6.6 
6420.0/TK) 
7800.0/TK) 
• inverse 
where TK is the absolute temperature. ALP and GLP are zero at all 
temperatures. 
2.4.2 Diffusion Coefficients 
' 
The determination of cooling rates of meteorites is based on a numerical 
model for the diffusion controlled growth of alpha in gamma. Thus the 
accuracy of the model depends on the accuracy of the diffusion coefficients and 
hence the choice of diffusion coefficients is important. 
Though diffusion studies have been conducted in the Fe-Ni system at 
temperatures greater than I 000 ° C, it was not until recently that diffusion 
studies were carried out in the Fe-Ni system at temperatures below 900 ° C by 
Dean and Go]dstein32 • This data is of more relevance to the model because the 
nucleation and growth of kamacite takes place at temperatures below 800 ° 
42 
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C. Prior to this study, models were based on diffusion coefficients extrapolated , 
from higher temperatures. Another important factor to be included is the effect 
of P on the diffusion behavior of Ni, because it was observed that addition of P 
in small amounts gave rise to a significant increase in the diffusion coefficient of 
N·19 I • Dean and Goldstein determined the diffusion coefficients of Ni in the 
phases a and , for the Fe-Ni and the Fe-Ni-P systems at temperatures below 
900 ° C. In order to use this data in the model, it was formulated into suitable 
expressions which are discussed below. 
2.4.2.1 Binary gamn1a 
It was seen that the diffusion data below 900 ° C did not follow the 
extrapolated curve of Goldstein et al 11 (Figure 2.8). An equation of the form 
D == exp(A+0.0519*Cni) * exp(-(B-1 l.6*Cni)/(R*T)) 
_J 
(2.25) 
(where Cni is the nickel content in atom percent, T is the temperature in 
degrees kelvin and R is the gas constant) was assumed. In the above equation 
the dependence of D on Ni content was assumed to be the same as in the 
expression derived by Goldstein et al 11 . The D values of Dean and Goldstein, 
at varying Ni content, was reduced to D at 10 atom percent Ni using the ratios 
derived from the expression of Go]dstein et al 11 (same as equation 2.25 with A 
== 1.15 and B == 76400). A plot of log D vs. {1/T) was a straight line and 
the constants A and B were determined from the intercept and the slope 
., 
respectively. The final expression for Db. was 1nary 
D = exp(-l.89+0.0519*Cni) * exp(-(69845.-11.6*Jni)/(R*T)). 
(2.26) 
' 
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2.4.2.2 Ternary gamma 
Dean and Goldstein observed that the diffusivity of Ni in Fe-Ni-P at any 
given temperature was dependent on the ratio of P content in the alloy to the 
solubility limit of P in the alloy at that temperature. It was seen · that the 
ratio of Dt to Db. increases with increasing P, from a value of 1 at 0% 
ernary 1nary 
P to a value of "'10 when the P content reaches the solubility limit, after which 
it remains constant. Thus the expression relating D to D . can be ternary binary 
written as follows 
D - (1 + 9*P . )*D . ternary ratio binary (2.27) 
where P t· is the ratio of the P content in the alloy to the P solubility 
ra 10 
limit at a given temperature. The above expression is valid for the case when 
the P t· is less than 1. When the P t· exceeds 1, the expression 
ra 10 ra 10 
D ternary 10 * D . binary (2.28) 
., 
is used. 
2.4.2.3 Binary alpha 
In the paramagnetic state ( > 770 ° C), the diffusion data of Dean and 
Goldstein agree with the previous reported values of Borg and Lai within a 
factor of two. Since the nucleation and growth of kamacite in meteorites occurs 
at temperatures below 770 ° C ( in the ferromagnetic region), only the data 
below 770 ° C was used in formulation. In the ferromagnetic state the values 
reported by Dean and Goldstein32 are much lower than those of Hirano et 
al(Figure 2.9). Considering that the effect of magnetism on the thermodynamics 
of the Fe-Ni system at temperatures below 1100 K can be significant Dean and 
45 
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Goldstein have concluded that their values are reasonable. As in the case of 
binary ,, an expression of the form D == D0exp(-Q/RT) was assumed. A least 
squares curve fitting algorithm was used to the fit the data into an expression 
of the form Y == A *exp(BX). The value of 'A' was 22.27 and the value of 'B' 
was -35185.35. The value 'A' directly corresponds to D0 and the activation 
energy 'Q' is obtained by the product (B*R), where R is the universal gas 
constant in calories/mo}. The final expression for binary o: was 
D == 22.23exp(-69913.3/RT). 
(2.29) 
The above equation (2.29) is only valid in the ferromagnetic state, at 
temperatures below 770 ° C. It is interesting to note that the 'Q' values for o: 
and 1 are nearly the same ( eqns. 2.26 and 2.29). 
2.4.2.4 Ternary alpha 
As in the case of ternary , the ratio of Dt to Db. increases as the ernary 1nary 
ratio of P 11 to P 1 1. ·t increases. However, at 560 ° C, when the P content a oy so . 1m1 
of the couple (0.2 wt%) exceeds the solubility limit, the Dt value is about ernary 
hundred times the Db. value. This value of Dt at 560 ° C is higher 1nary ernary 
than Dt at 605 ° C and seems to be a incorrect. To maintain agreement 
ernary 
with the other values D is expressed as ternary 
D ternary ( l +26·5 * p ratio) * Dbinary (2.30) 
when the P t· is less than 1, and 
ra 10 
D == 27.5 * Db. ternary 1nary {2.31) 
when the P content exceeds the solubility limit at that temperature. 
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Chapter 3 
Experimental Procedure 
This section discusses the measurement of the taenite Ni content using a 
microprobe, inputs to the computer program and the computational errors 
involved in numerical solutions to differential equations. 
3.1 Microprobe measurements 
To obtain the cooling rates by the Wood method the central taenite Ni 
and the corresponding taenite halfwidth has to · be determined in a number of 
cases. The Widmanstatten plates intersect the surface of the specimen at 
different angles and hence to get the true width of the taenite field the 
orientation of Widmanstatten plate with respect ot the surface has to be 
determined. To determine the orientation of the Widmanstatten plates to the 
surface of analysis, the sample was sectioned at right angles to the surface of 
interest. The surfaces were then polished down to a 0.3µm finish and etched in 
2 percent nital. Optical micrographs were then taken from the two adjoining 
surfaces and the orientation of the Widmanstatten plates were determined. The 
samples were then repolished and carbon coated for use in the microprobe. To 
minimize error in the calculation of the taenite field width, only the plates 
which were almost normal to the surface of interest were used in analysis. 
Also, taenite plates with inclusions nearby were not used in the analysis. 
Quantitative wavelength dispersive xray measurements were carried out on 
a JEOL 733 Superprobe equipped with a Tracor Northern 2000 analysis system. 
An operating voltage of 20 kV and a beam current of 20 nA was used. Pure 
Fe and pure Ni were used as standards. Taenite lamellae which were long and 
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straight were chosen for quantification. A step size of lµm and a counting 
time of 15 seconds was employed in all cases. The intensities were converted to 
weight percent using the SANDIA TASK841 subroutine which utilises the <l>(pz) 42 
function for the conversion. The central taenite Ni was determined from plots 
of Ni content vs. distance. The true taenite widths were calculated by 
multiplying the observed width with the sine of the angle the plate makes with 
respect to the surface. 
3.2 Computer Program 
A computer program in FORTRAN was developed based on the numerical 
model discussed in section 2.3. The inputs to the program were 
1. The bulk Ni and P contents of the meteorite, read in as BULKNI 
and BlJLKP. 
2. The cooling rate of the meteorite, read in as COOLRT. 
3. The nucleation temperature and the final temperature in degree C, 
read in as INIT and FINT. 
4. The initial width of kamacite, usually 1 A, read in as E. 
5. The total diffusion length, read in as L. 
6. The number of grid points in kamacite, read in as R. 
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7. The total number of grid points, read in .as N. 
The computational errors in numerical methods are of two types. They 
are discretization errors and round-off errors. Discretization errors are the errors 
introduced by using a finite number of grid points in the x interval. The 
discretization errors can be reduced by decreasing the step size in x, however 
this would increase the number of arithmetic operations and therefore 
computational time. Thus one has to rationalize and take the optimum number 
of grid points which would • give the required overall • In the accuracy 
computational time available. 
Round-off errors are due to the finite word length of the computer. This 
type of error is inconsequential if the number of calculations are small. 
However, the contribution of this error becomes large as the number of 
calculations increase. This error can be minimized by declaring all variables in 
the program to be double precision rather than single precision ( double precision 
uses 16 bits/word compared to single precision which uses 8 bits/word), but the 
processing time increases when double precision variables are used. One way to 
reduce round-off errors and save computational time is to compute the small 
correction terms in single precision and the large correction terms in double 
• • The discretization error and the round-off error are inversely related. precision. 
Reducing the the grid size in an attempt to reduce discretization errors will 
increase the number of computations, which will in turn increase the round-off 
error. So once again there is a need to compromise. 
In the program developed the following variables, RATE (rate of interface 
movement), DT (time increment) and the diffusion coefficients were decla~d as 
double precision variables. The total number of grid points chosen varied with 
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the diffusion distance (L) such that the time increment 'OT' is not very large 
and the final grid spacing in the taenite would be of the order of 0.1 µm. 
The program written in FORTRAN 77 was run on a CYBER 180-850, 
which has a sufficiently small machine epsilon ( the smallest number that can be 
recognized by the computer), and hence the effect of round-off error on the final 
result is negligible. 
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Chapter 4 
Results and Discussion 
.._ 
As described earlier, one of the aims)of this study was to compare the 
three available techniques for determination of metallographic cooling rates and 
study the ··effect of impingement on cooling rates. The following three 
• iron 
meteorites were chosen for accomplishing the objectives. Toluca, a group I 
meteorite with a coarse Widmanstatten structure; Tazewell, a group IIID 
meteorite with a very fine Widmanstatten pattern and Bristol, a group IV A 
meteorite with a fine Widmanstatten pattern. The bulk compositions and 
kamacite bandwidths of these meteorites are listed in Table 4.1. The results 
are ~ivided into two sections - (a) microprobe data and (b) cooling rate 
computations using the three metallographic methods for determination of 
cooling rates. 
4.1 Microprobe data 
The results of the microprobe analyses on the three meteorites - Tazewell, 
Toluca and Bristol, are listed in Table 4.2. By sectioning the meteorite, taenite 
regions which were normal ( or < 15 ° away from normal) to the surface of 
interest were determined and these regions were used in the analysis. Taenite 
fields which were too wide were neglected in the analysis because the central Ni 
content always goes down to the bulk Ni content. The 
• 
error 1n the 
quantification of Ni is estimated by ± 3 VN, where N is the average number of 
x-ray counts. The error in the quantification of Ni was typically in the order 
of ± 0.15 wt % Ni. Since I µm steps were used in the trace the estimation of 
the interface position is within 0.5 µm. Figure 4.1 shows regions from Toluca 
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and Tazewell and the corresponding microprobe traces from those regions. 
Meteorite 
Bristol 
Tazewell 
Toluca 
Group 
IVA 
IIID 
I 
Table 4-1: 
Ni (wt%) 
8.07 
16.90 
8 .14 
P (wt%) 
0.06 
0.30 
0.16 
Bandwidth 
300 ± 60 µm 
46 ± 16 µm 
1400 ± 200 µm 
Properties of the three meteorites studied 1. 
'I 
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Trace# 
1 
2 
3 
4 
6 
6 
7 
8 
Trace# 
1 
2 
3 
4 
Trace# 
1 
2 
3 
.. -' ··, l .. , 
( 
Tazewell 
Width (µm) 
Observed 
7.4 
16.2 
7.7 
12.0 
24.0 
7.6 
lQ.6 
7.0 
Toluca 
Width (µm) 
60.0 
18.0 
32.0 
38.0 
Bristol 
Width (µm) 
6.0 
6.0 
14.0 
True 
7.3 
16.Q 
7.6 
11.8 
23.6 
7.4 
lQ.1 
6.Q 
Central Ni (wt%) 
37.6 
34.31 
36.3 
23.8 
lB.76 
37.6 
32.0 
38.0 
Central Ni (wt%) 
28.0 
34.0 
30.0 
28.6 
Central Ni (wt%) 
23.0 
26.0 
27.0 
Table 4-2: Results from microprobe analyses. 
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Figure 4-1: Optical micrographs and corresponding microprobe traces 
from Tazewell, Toluca and Bristol. Bar corresponds to 25 µm. 
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4.2 Cooling rates 
The cooling rate computations are classified based on the method used for 
the determination of cooling rates. 
4.2.1 Wood method 
Kamacite growth was simulated in the above m~teorites for various cooling 
rates and impingement distances. Plots of central taenite Ni versus taenite 
halfwidth were obtained for each meteorite. Measured microprobe data for each 
meteorite were also plotted on the same graph to obtain a cooling rate for the 
meteorite. 
The central taenite Ni vs. taenite half width plots for Bristol, Toluca and 
Tazewell are shown in Figure 4.2 - 4.4. The majority of the experimental data 
for Bristol and Toluca was taken from Wood 7. The data for Tazewell are from 
... 
this study. The estimated cooling rates, • using the Wood') method, are 
approximately 25 and 10 ° C/Myr respectively for Toluca and Tazewell. In the 
case of Bristol, most of the composition data points lie near the bulk Ni 
content of the meteorite. In fig 4 .2 it can be seen that all but one data point 
are below the 150 ° C/Myr curve. The composition profiles of the points which 
lie below the 150 ° C /Myr curve can be matched by that cooling rate, assuming 
suitable amounts of undercooling. Thus, 150 ° C/Myr can be taken as the 
slowest cooling rate in the range of cooling rates that is possible for Bristol. 
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4.2.2 Bandwidth method 
(. 
The cooling rates for the three meteorites were also determined using the 
kamacite bandwidth method, as outlined in section 1.2.1. Various cooling rates 
and diffusion lengths were used as inputs to the program. A plot of bulk Ni 
content versus Widmanstatten precipitate width was constructed. The cooling 
rate which gives the correct kamacite bandwidth without any impingement at 
the center of the taenite is the estimated cooling rate of the meteorite. The 
estimated cooling rates for for the meteorites using the bandwidth method were 
"'250 ° C /Myr for Tazewell and "'I 75 ° C /Myr for Toluca, as seen in fig 4.5. 
The cooling rate of Bristo] cannot be estimated from the fig 4 .5 because Bristol 
has to cool -100 ° C before the , is saturated in P. However, in the absence of 
this undercooling Bristol will have an estimated cooling rate in the range 2000 -
5000 ° C/Myr. The estimated cooling rate for Bristol was "'300 ° C /Myr 
(considering the 100 ° undercooling for the saturation of P in 1). The 
calculated Ni concentration profiles at different temperatures for the three 
meteorites are shown in figures 4.6 - 4.8. Note that the profile always goes 
down to the bulk Ni content of the meteorite at the center of the taenite. 
4.2.3 Gradient \matching method 
Gradient matching in taenite was also attempted in the three meteorites. 
The diffusion length (' L ') for simulation was obtained as follows : the Ni 
enhanced area in the taeni te portion is determined using the Simpson's rule. 
/......-.,_ 
The Ni enhanced area is then equated to the Ni depleted region in the kamacite 
portion of the profile ( ref fig 2.3). Knowing the bulk Ni content of the 
meteorite and taking the average Ni content in the kamacite to be -7.5, the 
approximate half-width (' W')of the precipitate can be calculated by dividing the 
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area by (bulk Ni - 7.5). Since the quantities 'W' and ('L-W') are known 'L' is 
determined by adding 'W' and ('L-W'). he cooling rates obtained by the 
Wood method and by the bandwidth method were then used as inputs in the 
, calculations, in an attempt to match the profile. The results of the gradient 
matching technique for Toluca are shown in Fig 4.9. A nucleation temperature 
of 700 ° C was assumed for Toluca. At this temperature the taenite is not 
saturated in P, however the meteorite exhibits abundance of sulphides and 
carbides which could act as nucleation sites for the kamacite. The results from 
gradient matching indicate a cooling rate of 15 - 50 ° C /Myr for the meteorite. 
These figures agree with the cooling rate obtained by the Wood method to 
\. 
within a factor of 2. It can be seen in fig 4.9, that the simulated halfwidth of 
the profile does not exactly match the experimentally measured halfwidth. This 
difference is due to the error introduced during the calculation of 'L'. Since the 
bulk Ni content of the meteorite (8.14 wt % } is very close to the average Ni 
content (- 7 .5), small variations in calculation of area under the profile would 
lead to large variations in the calculated 'L' values. If the bulk Ni content was 
larger, as in the case of Tazewell, the error in the estimation of 'L' is 
considerably minimized. 
' 
In the case of Tazewell, a cooling rate of 10 ° C/Myr without any 
undercooling gave a good fit of the heavily impinged profiles (figs 4.10 a,b). 
However, when the impingement was not significant, varying amounts of 
undercooling ( 100 - 130 ° C) had to be assumed to obt,ain a good fit between 
the experimentally measured and simulated Ni concentration profiles. 'The 
results of the gradient matching technique for the less impinged profiles are 
shown in Fig 4.lO{c)-{f). To study the effect of undercooling on matching the 
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heavily impinged profiles, the gradient matching method with an undercooling of 
100 ° C was tried out in two cases, those of figs 4.10 {a), (b). From fig 4.11 
it can be seen that this amount of undercooling (100 ° C) had negligible effect 
on obtaining a good match with the experimentally measured profile. From the 
results of the gradient matching method, we can conclude that Tazewell cooled 
at approximately IO° C/Myr. This figure is in good agreement with that 
obtained by the Wood method and is about 25 times lower than that predicted 
by the bandwidth method. 
The gradient i:natching technique for Bristol was not conclusive because of 
the very narrow width of the taenite fields and the asymmetric nature of the 
profiles. The reason for the asymmetric profile will be discussed in a later 
--
section. Two profiles were matched using a cooling rate of 300 ° C /Myr ( same 
as that obtained by the bandwidth method) and the third profile was matched .. 
using a cooling rate of 220 ° C /Myr. 
... 
technique for Bristol are shown in Fig 
The 
\ 
4.12. 
results of the gradient matching 
At tempts to match the profiles 
! using 150 ° C /Myr with suitable undercoolings did not give satisfactory results. 
Since t'he meteorite had already cooled -100 ° C before the saturation of P in ,, 
any further undercooling would only result in a temperature where the 
diffusivities of Ni in taenite are negligible. Thus we will be unable to build up 
the required Ni content at the center of the profile. Summarizing the results of 
Bristol, we can conclude that the cooling rate is in the range of 150 - 300 ° 
C/Myr. These limits are the same as that obtained by the Wood method 
{150 ° C/Myr) and the bandwidth method (300 ° C/Myr). 
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4.3 Discussion 
... 
4.3.1 Effect of impingement 
From the results, it can be seen that the cooling rates obtained by the 
Wood method and the bandwidth method differ widely. It can be inferred from 
this, that impingement plays an important role 
• In the growth of the 
Widmanstatten structure and therefore cannot be neglected in the determination 
., 
of cooling rates. If the nucleation temperature for kamacite is fixed, the effect 
of impingement is to decrease the final width of the precipitate. The 
concentration gradient in the taenite phase is greater when there 
• 
IS no 
impingement, compared to the gradient when there is significant impingement. 
This is readily verified from fig 4.9 ( d), where the decrease in the concentration 
,. 
gradient with increasing impingement can be seen. Since the concentration 
gradient is directly proportional to the growth rate, one can expect a faster 
growth rate in the absence of impingement effects and a slower growth rate in 
the presence of impingement effects. Therefore for a given Widmanstatten 
precipitate width, a slower cooling rate will be necessary to obtain the given 
width when impingement is considered, compared. to a cooling rate required to 
achieve the same width when impingement is ignored. In other words, barring 
undercooling effects, impingement effects lead to lower cooling rates. As 
discussed earlier, the Wood method considers the effects of impingement, 
.. 
whereas the bandwidth method ignores it. Thus, for any given meteorite, the 
Wood method will give the slowest cooling rate and the bandwidth method will 
give the fastest cooling rate ( assuming no undercooling). 
The importance of impingement is clearly illustrated in the case of 
Tazewell. The bandwidth method predicts a cooling rate of -250 ° C/Myr, 
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whereas thf Wood method predicts a cooling rate of -10° C/Myr. It was seen 
in Fig 4.10 that the gradient matching technique works well fofA a cooling rate 
of 10 ° e/Myr. However, certain degree of undercooling (approximately 75 to 
125 ° C) had to be assumed to match the less impinged or unimpinged profiles . 
This implies that the wider kamacite bands nucleated prior to the finer 
kamac.ite bands, which would then explain the difference in the shape of the 
profiles measured in the two cases. The wider kamacite bands, which nucleated 
earlier continue to grow till impingement from a neighboring kamacite impedes 
.. .. ~ 
• Once the growth has stopped, and temperatures are sufficiently its growth. 
high the only change that occurs is the increase in the Ni content at the center 
of the taenite. There is no change in the profile below 350 ° C, because 
diffusion of Ni in taenite is very sluggish. 
The narrow kamacite bands, which nucleated after some undercooling, 
cannot grow to the same extent as the wider kamacite bands which nucleated 
without any undercooling, because of the low temperatures. Low temperatures 
imply smaller diffusion coefficients in taenite and negligible impingement of 
diffusion fields, which is most likely the case in unimpinged and not so heavily 
impinged profiles. The above is in contradiction with the assumptions of 
Wood 7• Wood assumed that the heavily impinged profiles were from taenite 
regions surrounded by kamacite that was formed after sufficient undercooling · 
and the unimpinged profiles were from taenite regions near kamacite which 
formed without any undercooling. This assumption, however, does not affect 
Wood's final results. The cooling rate obtained by the bandwidth method 
(-250 ° C/Myr) could also be used to match some of the less impinged and 
unimpinged profiles, as can be inferred from the Wood plot (fig 4.4). However, 
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it will be impossible to match the heavily impinged profiles using a cooling rate 
of 250 ° C /Myr. The aim is to obtain a unique cooling rate that will match 
all profiles (with suitable undercoolings as and when required). From the above 
-
discussion we see that it is possible to obtain a good gradient match by picking 
the slower of the cooling rate, w hic.h is IO ° C /Myr. He.nee, the correct , cooling 
rate for Tazewell is that predicted by the Wood method, "'10 ° C/Myr. \ 
In the case of Toluca, a group IA meteorite which exhibits heavy 
impingement, a cooling rate of 25 ° C/Myr was obtained using the Wood 
method and a cooling rate of 175 ° C/Myr was obtained using the bandwidth 
method. The gradient matching method resulted in a cooling rate range of 15 -
50 ° C/Myr, which agrees with that obtained by the Wood method {25 ° 
• 
C /Myr) to within a factor of two. Once again, it can be seen that the slower 
cooling rate (25 ° C /Myr) gives better results with the gradient matching 
technique. Based on the results of Tazewell and Toluca, we can conclude that 
( 
the Wood method will predict a more reasonable cooling rate for a metorite 
compared to the bandwidth method. 
In Bristol, because of the low P content of the meteorite ("'0.05 wt pct.), 
the meteorite experiences an undercooling before the saturation of P in taenite 
occurs. Once the P saturation limit is reached, phosphides will precipitate in 
the taenite matrix and these phosphides will in turn act as nucleation sites for 
kamacite. For this reason, a starting temperature of 600 ° C was used in the 
calculations instead of 700 ° C, when the meteorite is in the two phase region. 
In figs 4.2 - 4.4, it can be seen that the Wood cooling rate curves for Bristol 
i 
are much steeper compared to the curves for the other two meteorites. This is 
because in our calculations the meteorite is undercooled "'100 ° C before the 
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growth of kamacite. Another characteristic feature in this meteorite is the 
asymmetric nature of the measured profiles. This can be explained as follows : 
the kamacite plates start to nucleate and grow at - 600 ° C, but because of the 
low Ni content of the meteorite, within the next 50 ° C the untransformed 
taenite matrix in front of the kamacite/taenite interface undergoes a martensitic 
transformation. This transformed martensite ( a 2), then forms kamacite (a) and 
taenite (,) through the reaction : o: 2 -- > o + , . As a result of this clusters of 
equiaxed a grains are for med and the excess Ni is rejected into the , particles. 
The , particles form a network along the grain boundaries. Massalski et al43 
discuss possible mechanisms for the formation of plessite and classify the plessite 
formed into three types. From the mechanisms proposed, it is probable that the 
/ 
initial portions of the measured M-profiles from such regions correspond to a M-
profile prior to plessite formation and the latter region of the measured M-
profile corresponds to the profile after plessite formation. The schematic for 
such a process is shown in Fig 4.13. The original profile before the martensite 
transformation is represented by the dashed line. The regions which are far 
away form the original kamacite/taenite interface (k/t) transform readily into 
martensite because of the low Ni content. The region close to kamacite/taenite 
interface has sufficiently high Ni and hence cannot transform into martensite. 
The a from the transforming martensite, consumes the remaining untransformed 
taenite matrix in front )f the interface and during the process rejects the excess 
Ni into the taenite near the interface. This rejection of Ni gives rise to a rim 
of taenite around the a + , structure as shown in figure 4.13. Figure 4.14 
shows two such regions frorn Bristol where the equiaxed o: grains along with the 
• 
network of 7 can be seen. The experimentally measured profiles were taken 
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across such taenite rims. The shape of the · latter portion of the measured M-
profile is now dependent on the diffusion of Ni in taenite at considerably lower 
temperatures and therefore, steeper in nature compared to the initial portion of 
the profile. Arguing along similar lines it can also be seen why the taenite 
fields are very narrow. 
4.3.2 Comparison of cooling rates 
A numerical model to· simulate the growth of Widmanstatten pattern in 
iron meteorites was developed. The model incorporates the most recent phase 
diagram, diffusion coefficients and assumes a cylindrical morhology for the 
ferrite. To compare the present model with that of Narayan and Goldstein31 
model, a plot of Widmanstatten precipitate width versus bulk Ni content 
(similar to fig 14 of Narayan and Goldstein31 ) was constructed. Phosphorus 
saturation in , (i.e. no undercooling) and infinite diffusion lengths in taenite 
were assumed (i.e. no impingerr1ent), and the resulting plot is shown in fig 
4.15. It can be inferred from fig 4.15 that the difference between the two 
models is not too large. The difference in cooling rates can be explained as 
follows : In Narayan-Goldstein model, the ternary diffusion coefficient was 
expressed as a function of the P content (Cp) in taenite and not as a function 
of solubility limit. Narayan and Goldstein also enhanced the value of the 
diffusion coefficient by a factor of 10 at temperatures below 800 ° C. The final 
expression used by Narayan and Goldstein was of the form 
01 ter == 10.( I +9.3Cp) [exp( 1.15+ .05 l 9CNi)] [exp-(76400-l l .6CNi/RT)] 
.. 
( 4.1) 
In the present model, however the D1t was expressed as a function of the 
er 
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Figure 4-13: Schematic diagram for the formation of plessite43 • 
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Figure 4-14: Two regions from Bristol showing the decomposed taenite 
matrix in front of the original kamacite / taenite interface. 
Equiaxed grains of o and the network of , can be seen. " 
Bar represents 50 µm. 
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ratio of P in taenite to the P solubility limit (refer eqns. 2.26 - 2.28). If we 
consider a meteorite at 700 ° C with P saturated ,, equation 2.28 gives a value 
;· 
or·· D1 
ter which is ten times the binary value (D1 hin). If w~, oow calculate the 
D1ter using equation (4.1} for the Narayan-Goldstein model, and using the value 
CP == 0.23 (from the equation for GUP in pp 41), we get D1ter to be 
approximately 30 times D1 bin. Although the D1h. expressions are different, the 
1n 
diffusion coefficient used in the Narayan-Goldstein model is almost twice the 
D1t used in the present model. However, at lower temperatures this difference 
er 
is decreased due to the fact that the P content in , decreases with temperature. 
Thus we see that the diffusion coefficients used in the Narayan model were 
larger than that used in this model and therefore the difference in cooling rates. 
-----~, 
Over the entire range of Ni content, the present model will predict'~ smaller 
Widmanstatten precipitate width for a given cooling rate and bulk Ni content 
than that of Narayan and Goldstein 31. Conversely, for a given meteorite, the 
present model will predict a slower cooling rate than that of Narayan and 
Goldstein31 (if the bandwidth method is used). Using the bandwidth method, 
Narayan and Goldstein predict a cooling rate of -500 ° C/Myr for Tazewell and 
-750 ° C/Myr for Toluca, whereas the present model predicts -250 ° C/Myr for 
Tazewell and -175 ° C /Myr for Toluca, assuming no undercooling and no 
impingement. For Bri~tol, Narayan and Goldstein predicted a cooling rate 
between 2000 5000 ° C/Myr, assuming an undercooling (due to the low P 
cont_.fnt) of 200 ° C. The present model predicts a cooling rate of -300 ° C/Myr, 
assuming an undercooling of 100 ° C. 
• J I • The reason for the decrease in the value of cooling rate can be twofold . 
First, the ternary diffusion coefficient of Ni in , used in this model is lower 
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than that used by Narayan34 , for reasons discussed in the previous paragraph. 
Second, the models used two entirely different approaches for the numerical 
approximation of the problem. The NMOL uses a five point approximation for 
the derivatives and will lead to errors when the gradient is steep. Considering 
the cooling rates used by Narayan and Goldstein, steep gradients near the 
interface could have resulted in errors during the estimation of the first order 
and second order derivatives at grid points near the interface. 
J. \ 
Over the years, several investigators have tried various approaches to 
determine cooling rates of iron meteorites. A summary of their results was 
tabulated in table I. I. In this sty,dy, three contrasting iron meteorites were 
chosen and their cooling rates were determined. Table 4.3 compares the results 
of this study with those of previous investigators. The cooling rate of Toluca is 
increased by a factor of IO compared to that of Goldstein and Short 5 , and by a 
factor of 25 to that of Wood 7. Pellas44 determined the cooling rate of Toluca 
by the fission track density technique. At the maximum sensitivity range of 
J 
the fission track method, Pellas obtained a cooling rate of 30 ° C /Myr, which is ~ 
.. 
in close agreement with the value of 25 ° C/Myr obtained here. 
I 
The only 
reported cooling rate for Tazewell, by Goldstein and Short 5, is about 2 ° C /Myr. 
' The cooling rate obtained in this study is five times this value. In estimating 
the cooling rate of Bristol, Wood7 concluded that the meteorite could not have 
cooled at a rate less than IO° C/Myr. However, he does not give an upper 
limit. Goldstein and Short5 predict a cooling rate of 50 ° C /Myr for Bristol. 
In this study, because of the nature of tl)e meteorite which was discussed 
earlier, a range of cooling rate rather than a unique cooling rate is estimated. 
The cooling rate of Bristol could be in the order of 150 - 300 ° C /Myr. To 
' 
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gain a bette)" understanding of the cooling rates of the group IV A meteorites, it 
would be necessary to study a set of meteorites from the group rather than a 
single meteorite. Though Narayan and Goldstein 31 did not study the same 
meteorites used in this study, the cooling rates from their plot are- as follows : 
500 ° C /Myr for Tazewell, 750 ° C /Myr for Toluca and -20,000 ° C /Myr for 
Bristol. 
The cooling rates obtained in this study are two orders of magnitude 
lower than that of Narayan and Goldstein31 and agree with the older cooling 
'"·· rates to within a factor of 5 ( on the higher side). Wood45 , who compared the 
existing metallographic cooling rates with that required by K/ Ar and 40 Ar / 39 Ar 
ages of the meteorites, found the metallographic cooling rates being too slow by 
a factor of six. It is· interesting to note that the cooling rates obtained in this 
study were faster, on the average, by a factor of 5 compared to the older 
cooling rates. Comparing the cooling rates with that of Narayan and 
Goldstein 31 , we can suggest the following revisions : a decrease by a factor of 
-50 for meteorites \vhich do not require any undercooling before kamacite 
precipitation(i. e. groups IA, JIB, C, D, IIIB, C, D, IVB) and a decrease by a 
factor of '"'100 for meteorites which require undercooling before the precipitation 
of kamacite (i. e. groups IIIA, IVA). 
" 
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content. Undercooling effects and impingement of diffusion fields 
were not considered in the construction of this plot. 
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Meteorite 
Tazewell(IIID) 
Toluca (IA) 
Bristol (IVA) 
Table 4-3: 
c~ 
, 
Wood 
1 
> 10 
Cooling Rate 
Goldstein 
Short 
.... 
2 
2 
60 
. .,, . ..,. .. 
(° C/ million 
Narayan 
Goldstein 
600 
760 
20000 
years) 
This 
Study 
10 
26 
160 - 300 
Comparison of cooling rates for the meteorites studied. 
1 
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4.4 Conclusions 
• • A numerical model, using the Murray-Landis variable grid spacing 
technique and Crank-Nicolson approximation, was developed to simulate the 
growth of Widmanstatten pattern in iron meteorites. The most recent phase 
j 
diagrams of Reuter38 and Chuang et al39, and the diffusion coefficients of Dean 
and Goldstein 32 . were used in the simulation. The three available methods for 
the determination of metallographic cooling rates were applied to three 
contrasting • iron meteorites, namely Tazewell, Toluca and Bristol . 
conclusions of this study are summarized below. 
lr Impingement effects affect the calculation of cooling rates 
considerably, and neglecting the effects of impingement could lead to 
a major discrepancy in the cooling rate predicted for a meteorite. In 
certain cases the discrepancy could mean an increase in the cooling 
rate by an order of magnitude or more. 
' 
2. In any given meteorite, the wider kamacite plates nucleated prior to 
the finer kamacite plates. Thus unde~ooling effects on the wider 
' 
kamacite plates are smaller compared to the finer ones. By similar 
reasoning, the taenite regions adjacent \o wider kamacite plates will 
.. 
exhibit more impingement compared to taenite regions adjacent to 
the finer kamacite plates. <-
" 
3. For any meteorite, the Wood method gives the lowest possible 
"\· cooling rate and the bandwidth method gives the highest possible 
cooling rate. 
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4. The cooling rates for Tazewell and Tolu}a are -10 • C/Myr and 
----
-25 ° C /Myr res pee ti vely. The cooling rate for Bristol is in the 
range 150 - 300 ° C /Myr. 
·, 
5. The cooling rates obtained in this study are greater by a factor of 5 
compared to the old cooling rates, and lower by two orders of 
magnitude compared to those of Narayan and Goldstein31 . 
. ,. . . 
'\ 
6. For one of the meteorites, Toluca, the cooling rate obtained in this 
study is in good agreement with that obtained using the 244Pu fission 
track density method by Pellas44 . 
7. Based on the cooling rates obtained in this study, it can be seen 
that the cooling rates obtained by Narayan and Goldstein31 have to 
be revised as follows : a decrease by a factor of ,.,, 50 for the 
meteorites belonging tl groups IA, IIB, C, D, IIIB, C, D and IVB., 
and a decrease by a factor of "'I 00 for the mete~orites of group IIIA 
and IV A. 
....... 
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